We analyze strongly coupled systems that use metasurface resonators and provide an electrodynamic model based on the quasi-static electric near fields that can be used to predict and maximize Rabi splitting varying resonator geometry.
Introduction
The problem of strong light-matter coupling between a metasurface (the optical cavity) and intersubband transitions in quantum wells (the two-level system) has recently attracted a great deal of attention [1] [2] [3] [4] . Strong coupling is a process in which the excitation energy is periodically exchanged between matter and cavity resonance, and the coupling mechanism is dominant with respect to all the loss mechanisms. For this reason, in the frequency domain this beating corresponds to a splitting of the single bare cavity resonance into two polariton branches with separation 2 R  , with R  being the Rabi (angular) frequency [2] . In the context of metasurfaces coupled to intersubband transitions, previous modeling has only used quantum mechanical calculations, e.g., [2, 5] . Moreover, the reasons why different resonator geometries (with the same cavity resonance frequency) induce rather different Rabi splittings have not yet been explained.
We introduce an electrodynamic model that is able to quantitatively predict strong coupling and explain in a phenomenological manner the different Rabi splittings for different resonator geometries. We observe that the electric near fields of the metasurface resonators, responsible for the coupling to the two-level system, can be accurately described by the near fields of electrostatic dipoles formed by the sub-wavelength metasurface resonators, an approach not considered before. This approach allows us to quantitatively describe the highly complex lightmatter interaction with an equivalent circuit model. We demonstrate that the key parameter describing the strong light-matter coupling between a flat metasurface and intersubband transitions in quantum wells (QWs) is the resonators' capacitance in absence of quantum wells. Such strongly coupled systems may lead to interesting capabilities in the infrared spectrum, such as voltage tunable filters [6] .
Electrodynamic modeling of strong coupling
The basic geometry that we analyze is illustrated in Fig. 1(a) ; it consists of a metasurface of 100-nm-thick gold split ring resonators (SRRs) placed on top of a semiconductor heterostructure. The intersubband transitions are described by anisotropic Lorentzian oscillators following their dipole selection rules: only light polarized along the quantum wells growth direction (here the z direction) can promote electrons between different subbands. When illuminated at normal incidence, substantial z-polarized electric fields are generated only in the near-field of the resonators within the metasurface.
To recover the near-field of an individual metasurface resonator, we model each resonator as a distributed set of electrostatic charges. We consider the electrostatic problem where such charges are located on the free space side and at a short distance from the interface between free space and an anisotropic material [7] . This allows us to obtain an approximate formula for the total capacitance 
is a "coupling coefficient" that depends only on the quantum well design. Using this capacitor formula, we are able to construct the equivalent circuit network model network shown in Fig. 1(a) that embodies the physical processes of the bare metasurface as well as the strong coupling to the QWs as detailed in the figure. To obtain the circuit parameters we perform full-wave simulations (using the commercial frequency-domain finite-element simulator HFSS) of a metasurface without quantum wells under normal incidence illumination. We consider SRRs with an outer diameter of 0.89 µm and traces width of 0.125 µm, periodicity of 1.425 µm (for scaling factor 1.0) and compare the polariton eigenfrequencies using the results from a commercial FDTD solver and our circuit model for different bare cavity resonances. We observe an excellent agreement as shown in Fig. 1(b) . When changing the resonator geometry, according to the total capacitance formula above, this splitting only depends on the value of ms C ; the coupling coefficient  does not change as we keep the same quantum wells. This is further confirmed by re-designing the circular SRR with wider traces to increase its capacitance. In particular, we change the outer diameter from 0.89 µm (original structure) to 1.15 µm (new structure) and traces width from 0.125 µm (original) to 0.35 µm (new) while keeping the same resonance frequency. This leads to an increased capacitance of the metamaterial from 8.7 aF (original) to 13.7 aF (new). As predicted by our circuit model, this increased capacitance also increases the Rabi splitting, which goes from 2.1 THz (original) to 2.4 THz (new).
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